INTRODUCTION
Wireless networks are expected to maintain both robust connectivity as well as high data rates in the face of path loss, shadow fading, and intercell interference Dense allocation of full-fledged base stations (BSs) is a feasible solution, but imposes a high infrastructure cost. As another approach to tackle this problem, relay-aided cooperative communication techniques have recently attracted substantial research interest [1, 2] .
In relay station (RS) aided communications, the mobile station (MS) communicates with the BS assisted by a single or multiple relays, which may be expected to provide better link quality with the BS than direct single-link-based communication. Therefore, relay-aided systems are capable of increasing the attainable data rate, especially in the cell edge region, where MSs typically suffer from both low-power reception and severe intercell interference. Shadow fading can also be mitigated by relays.
Since the provision of a fiber-based RS backhaul is costly, it is preferable to employ RSs that communicate wirelessly with the BS, especially in rural areas. Wireless RSs also offer high flexibility in terms of their geographic position. For example, when the teletraffic rapidly increases in a certain area, wireless RSs can be installed immediately to provide high-speed communications. The MSs currently not engaged in active communication with the BS may also act as relays without any additional deployment cost.
Although wireless RSs are capable of improving the attainable link quality, again, they require additional radio resources. More explicitly, as illustrated in Fig. 1a , the traditional relaying concept requires four phases to transmit a pair of downlink (DL) and uplink (UL) packets, which is twice as many as direct communications operating without a relay node. This additional radio resource allocation halves the effective throughput and hence erodes the advantages of relaying.
In this article a comparative study of various efficient relaying schemes is presented. More specifically, the recently proposed three-phase and two-phase relaying protocols of Fig. 1b and 1c are reviewed and compared to the traditional four-phase protocol.
TRADITIONAL RELAYING
As shown in Fig. 1a , traditional relaying schemes require four communication phases. During the first phase, the BS transmits the DL signal to the RS. During the second phase, the RS forwards the received DL signal to the MS. The UL signal is also sent from the MS to the BS during the remaining two communication phases in a twophase reverse-direction manner. Here, the relay's operation can be classified into two types, namely the amplify-and-forward (AF) and decodeand-forward (DF) relaying protocols.
In AF relaying, the relay simply retransmits a scaled version of the received signal without performing any detection or decoding. The simple operation of AF relaying leads to a low-cost lowcomplexity implementation. However, the desired signal and additive noise are jointly amplified at the relay; hence, the AF-RS fails to improve the signal-to-noise ratio (SNR). By contrast, in DF relaying, the relay fully decodes the received signal and hence may succeed in perfectly regenerating the transmitted signal before it forwards the re-encoded packet to the destina-
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tion, provided that the SNR is sufficiently high. Naturally, this is achieved at higher complexity than that of AF relaying.
The destination nodes (the BS in the UL and the MS in the DL) make use of the relayed signal to decode the information bits. For the sake of improving the attainable decoding performance, the signal directly received from the source node can also be utilized. By combining the relayed signal and the direct signal at the destination node, an improved diversity gain can be achieved, because the relay and direct links are typically mutually uncorrelated.
Although the traditional relaying techniques provide a high diversity gain as well as improved link quality, again, they require four communication phases. In a simplistic but appealingly plausible interpretation we may argue that second-order spatial/time diversity may be achieved at the cost of halving the effective throughput. This effect is reminiscent of using second-order time diversity employing 1/2-rate channel coding or second-order frequency diversity invoking two independently faded subcarriers, for example. There are, however, further potential benefits, because we may argue that both the BS-RS and RS-MS links are expected to be of higher quality due to the presence of a line-of-sight (LOS) link. Hence, by exploiting high-order high-throughput modulation and high-rate forward error correction (FEC) codes, an improved bandwidth efficiency may be achievable in both the BS-RS and RS-MS phase.
SUCCESSIVE RELAYING
Before elaborating on how to reduce the number of time slots required with the aid of Fig. 1b and 1c, let us consider a relaying scheme benefiting for an extra RS, which is the successive relaying technique of [3, 4] , where two parallel RSs are assumed, rather than having a single RS or serially combined multiple RSs. Figure 2 illustrates the operation of successive relaying in the DL. In the first phase seen in Fig. 2a , the BS transmits its DL signal c 1 and RS1 listens. In the second phase portrayed in Fig. 2b , RS1 decodes the BS's DL signal c 1 received in phase 1 and forwards the reencoded DL packet c 1 to the MS, while RS2 receives the DL signal c 2 from the BS. By contrast, during the third phase seen in Fig. 2c, RS2 forwards the BS's DL signal c 2 to the MS, while RS1 listens to the next DL signal c 3 received from the BS. In this manner the two relays alternatively transmit and listen. In this scenario we could argue that both the direct and relayed copies of c 1 , c 2 , and c 3 were received and hence secondorder diversity is attained, which is achieved at the cost of invoking two RSs. Hence, in this relaying scheme (N + 1) communication phases are required to convey N packets with the aid of two relays, so second-order diversity is achieved while maintaining almost the same slot efficiency as direct communication operating without relaying, provided that N is sufficiently high.
As seen in Fig. 2c , in the successive relaying scheme, the received signal of RS1 is subjected to the interfering signal of RS2 during phase 3. Similarly, observe in Fig. 2b that during phase 2 the reception of RS2 is contaminated by the transmission of RS1. It is typically assumed that either this interfering signal has sufficiently low power or, alternatively, sufficiently high power that its effect can be cancelled from the desired signal. However, in realistic environments the signal power received at the other relay fluctuates, depending on the channel conditions between the two relays. Therefore, the RS in receive mode typically suffers from the interference inflicted by the other RS, and this is likely to degrade the overall system performance. Furthermore, the successive relaying protocol of Fig. 2 requires two RSs, while traditional relaying requires only a single RS. This implies that more RSs are required to support successive relaying, and this potentially increases the overall infrastructure cost, unless the RSs are constituted by inactive MSs.
NETWORK CODING AIDED THREE-PHASE DF RELAYING
In contrast to the successive relaying protocol, the network coding (NC) aided relaying protocol [5] [6] [7] is capable of operating without requiring any additional RS. Figure 1b depicts the basic philosophy of the NC-aided three-phase relaying system, and the relay's operation is further detailed in Fig. 3a . The BS and MS transmit the codewords c 1 and c 2 during the first and second communication phases to the RS, respectively. Then the RS independently decodes the corresponding received signals y 1 as well as y 2 and combines the decoded codewords into a single stream. More explicitly, the relay performs the bit-wise exclusive OR (XOR) operation of the two packets to obtain the resultant composite packet c 3 = c 1 ⊕ c 2 . This operation may be interpreted as informing both destinations of the bit positions of the transmission packet, where the remote transmitter's bits were different from those of the local transmitter, as indicated by their XOR function. If two packets have different lengths, either zero padding or repetition coding can be applied to the shorter one in order to make their lengths identical. As seen in Fig. 1b , in the third phase the composite network-coded packet is modulated and broadcast to both the BS as well as to the MS. The signal received at each destination can be regarded as the combination of the UL and DL packets. To recover the desired packet at each destination node, each node utilizes the a priori knowledge of its own transmitted packet that was transmitted in the previous communication phase. For example, the MS first computes the log-likelihood ratios (LLRs) of the networkcoded bits. To extract the soft information related to the DL packet, we flip the sign of the network-coded bit's LLR if the corresponding UL bit was a logical 1 based on the XOR function, while maintaining its magnitude. As in the traditional four-phase regime of Fig. 1a , the signal directly received from the source can also be exploited with the aid of soft or hard packet combining in order to attain diversity gain.
The three-phase DF relaying scheme of Fig.  1b requires only three time slots to complete a full cycle of UL and DL transmissions. Therefore, we can expect a 33 percent throughput increase compared to the traditional relaying regime of Fig. 1a , which requires four communication phases. It is worth noting that the NCaided three-phase DF relaying protocol can readily be applied to arbitrary high-order modulation schemes, such as 16-quadrature amplitude modulation (QAM), 64-QAM, and multipleinput multiple-output (MIMO) systems.
TWO-PHASE RELAYING
To further reduce the required communication resources, three different types of two-phase relaying protocols may be invoked: two-phase AF, denoise-and-forward (DNF), and DF protocols. The two-phase relaying protocols of Fig. 1c are often referred to as two-way relaying or bidirectional relaying, as opposed to the traditional four-phase relaying protocol, which is also often referred to as one-way relaying. The relay's actions in various two-phase relaying protocols are illustrated in Fig. 3 .
TWO-PHASE AF RELAYING
In two-phase AF relaying [4, 8] , the MS and BS simultaneously transmit their signals to the RS during the first phase, as shown in Fig. 1c ; hence To further reduce the required communication resources, three different types of two-phase relaying protocols may be invoked: two-phase AF, denoise-andforward (DNF), and DF protocols.
the RS receives the superposition of these two signals, which is denoted y 3 . In the second phase the RS amplifies the composite received signal while obeying a specific total power constraint, and forwards it to both the MS and BS. We assume that the BS receives the sufficiently accurately quantized channel impulse responses (CIRs) h MR of the MS-RS link and h RB of the RS-BS link. Exploiting the knowledge of the CIRs and of its own transmitted data, the MS may be able to perfectly cancel the effects of the superimposed UL signal from its received signal. Accordingly, the MS is capable of decoding the desired DL packet. In a similar manner the BS performs decoding of the UL packet. Even though the two-phase AF relaying regime of Fig.  3b does not require additional communication phases compared to the classic direct communication, its performance is affected by the inevitable noise amplification. Furthermore, the RS simultaneously conveys both the UL and DL signals, which typically requires increased power. More explicitly, the MS only needs the DL signal; however, the signal transmitted from the RS to the MS also contains the UL signal, which increases the required power. By contrast, the NC-aided three-phase DF relaying scheme of Fig. 1b does not require any additional power, since it transmits the XOR-ed packet from the RS rather than the sum of the UL and DL signals. Hence, the two-phase AF relaying protocol typically results in an SNR performance loss in comparison to three-phase relaying, even though it reduces the number of time slots required, which contradicts our original objective of increasing the achievable SNR.
NETWORK CODING AIDED TWO-PHASE RELAYING
To reduce the effect of noise amplification in the two-phase AF regime, the DNF relaying protocol, which is based on the above-mentioned network coding scheme, has been proposed in [9, 10] . As in the AF two-phase relaying regime of Fig. 3b , the RS of Fig. 3c receives both the UL and DL signals in the first phase. The denoising operation may also be referred to as detect and forward, because it is constituted by the noise elimination process of the detector's slicing or decision operation. Then the RS of Fig. 3c detects the symbols by processing the received signal and attempts to estimate the XOR-based composite symbol values x 3 , rather than separately detecting the UL and DL symbols of x 1 = Q(c 1 ) and x 2 = Q(c 2 ), where Q(⋅) denotes the modulation of coded bits. For example, if we assume that both the BS-RS CIR h BR as well as the MS-RS CIR h MR have a value of unity and that quaternary phase shift keying (QPSK) modulation is used, the I and Q component of the RS's received signal in each time slot has the values of {-2,0,2} in the absence of noise. Here, the power normalization of QPSK signaling is ignored for simplicity. Then, by using the mapping function of f(-2) = 1, f(0) = -1, f(2) = 1, we obtain the combined signal of the UL and DL packets. More specifically, for QPSK signaling this mapping function directly generates the modulated signal stream x 3 of Fig. 3c associated with the XOR-ed function of the UL and DL packets, which is the same as the transmit signal of the three-phase DF RS seen in Fig. 3a and described earlier. Similar to the three-phase DF relaying of Fig. 1b , each destination node is capable of extracting its own desired packet from the composite received signal by exploiting the a priori knowledge of its transmitted symbol stream. It was shown in [9] that the symbol-wise mapping function of f(⋅) exists and can be constructed for arbitrary regular M-QAM modulation schemes. In contrast to the two-phase AF relaying of Fig. 3b , the noise amplification problem does not occur in the DNF relaying protocol of Fig.  3c , since the denoised (i.e., detected or sliced) symbol stream is transmitted from the RS with the aid of the specific mapping function f(⋅) exemplified above for QPSK. However, the RS of the DNF scheme does not take advantage of channel coding and hence may have a high error probability for the relayed signal.
In contrast to the DNF regime of Fig. 3c , which dispenses with FEC coding, in the twophase DF relaying of Fig. 3d , the RS performs FEC decoding in order to mitigate the effects of error propagation. A possible approach [4, 11] not depicted here for the two-phase DF relaying protocol is that the RS separately decodes the codewords c 1 and c 2 , which are transmitted from the MS and BS, respectively. The RS receives the superposition of the UL and DL signals in the first phase and attempts to decode both of them. During the second phase of Fig. 1c , the RS generates the composite packet, which is broadcast to both the MS and BS, as in the three-phase DF relaying scheme of Fig. 1b . In the second communication phase, each destination node decodes its desired signal in the same way as the three-phase relaying regime of Fig.  1b . Nonetheless, its decoding performance at the RS is typically worse than that of the threephase DF relaying protocol, where only one of the UL and DL packets arrives and is decoded at the RS in each phase.
For comparison, in another two-phase DF relaying approach [10, 12] of Fig. 3d , it is assumed that the UL and DL packets are encoded by identical linear FEC encoders having identical coding rates and code lengths. As in the three-phase DF relaying of Fig. 3b , both zeropadding and repetition coding can be used to render the UL and DL packets length identical. We also assume that the channel is pre-equalized so that the effective CIRs h MR and h BR have a value of unity as in the DNF relaying of Fig.  3c . Under this assumption, the superposition of two binary codewords can readily be mapped to a valid codeword according to c 3 = c 1 ⊕ c 2 by exploiting the specific property of linear codes that the linear combination of two codewords constructed over the Galois field GF(2) also becomes a valid codeword. For QPSK signaling, the superposition of the UL and DL symbols has a value of {-2,0,2} for both the real and imaginary components. Similar to the DNF relaying of Fig. 3c , the mapping function of g(-2) = 0, g(0) = 1, g(2) = 0 is utilized to transform the superposition of two codewords into the addition operation over the Galois field. We note that g(⋅) generates the binary composite coded bits c 3 , while the mapping function f(⋅) of DNF relay-
The two-phase AF relaying protocol typically results in an SNR performance loss in comparison to three-phase relaying, even though it reduces the number of time slots required, which contradicts to our original objective of increasing the achievable SNR.
ing generates the composite symbols x 3 . Based on this mapping function, we can compute the bit LLRs of the resultant composite codeword c 3 = c 1 ⊕ c 2 , which is decoded and transmitted to the destination nodes, as depicted in Fig. 3d [10, 12] .
It is worth noting that the decoded codeword c 3 is the same as the XOR-ed composite packet of the UL and DL signal in the three-phase DF relaying of Fig. 3a . Explicitly, the two-phase DF relaying protocol directly decodes the XOR-ed composite packet, rather than decoding the UL and DL packets independently, although the latter would result in improved performance at the RS. In the rest of this article we consider the scheme of Fig. 3d, which directly decodes c 3 .
By adopting the bit-level mapping function of g(⋅), the two-phase DF relaying protocol of Fig.  3d performs channel decoding at the RS. Hence, each coded bit may be corrupted, but it may be recovered with the aid of channel decoding. However, in the two-phase DNF regime of Fig.  3c , the corrupted symbol cannot be recovered, since the symbol-by-symbol detection is performed without channel decoding. By taking advantage of channel coding, the two-phase DF relaying of Fig. 3d is capable of mitigating error propagation, hence increasing the achievable end-to-end performance. Furthermore, it only requires two phases, as in the classic direct communication regime. Therefore, we can expect that the two-phase DF regime of Fig. 3d provides both high slot efficiency as well as high BER performance. Nonetheless, only the mapping algorithms of BPSK and QPSK modulation are known at the time of writing; hence, the appreciation of the two-phase DF relaying of Fig. 3d to higher-order modulation schemes such as 16-QAM and 64-QAM constitutes an open problem. Furthermore, identical FEC codes having the same code length in the UL and DL must be used, and this constraint reduces the flexibility of the system.
In Table 1 the characteristics of the aforementioned relaying schemes of Figs. 1-3 are summarized.
NUMERICAL RESULTS
In this section the achievable performance of the relaying protocols considered is compared. The SNR is defined as the ratio between the signal power and the noise variance. It is assumed that 512 QPSK-modulated symbols per packet are transmitted during a communication phase, and turbo codes having various rates and interleaver lengths are employed. The overall rate (the number of DL and UL information bits per channel use) is set to unity for all the relaying schemes. The detailed parameters are presented in Table 2 . We note that for the two-phase AF, DNF and DF relaying protocols of Fig. 1c , a 1/3 lower transmit power per transmission phase is allocated compared to that of the three-phase and four-phase relaying protocols for the sake of fair comparison, because the MS and BS simultaneously transmit their signals during the first phase. By allocating the relative power of 2/3 to each of the MS, BS, and RS, the transmit power allocated in the first and second phases becomes 4/3 and 2/3, respectively; hence, the average transmit power per transmission phase is unity. Figure 4a illustrates the packet error rate (PER) performance of the UL in the relaying systems of Figs. 1 and 3 . The SNR γ MR between the MS and the RS is assumed to be the same as the SNR γ BR between the BS and the RS, which implies that the RS is approximately halfway between the BS and MS. The SNR of the direct link from the MS to the BS is denoted γ MB . We also assume that the relay channel has a higher SNR than the direct channel (i.e., γ MR ≥ γ MB ), and the difference between these two SNRs is set to γΔ = 12 dB. As a performance bound, the direct communication scenario associated with γΔ = 0 dB is also considered, which corresponds to the scenario in which the SNR of the direct link is as high as that of the relay link. Successive relaying was not investigated, since its performance is highly affected by the interference between the two RSs. However, if the absence of inter-relay interference is assumed and the SNR of the relay link is significantly higher than that of the direct link, the performance of successive relaying is approximately 3 dB worse than that of the direct link associated with γΔ = 0 dB, which implies that it only has a 3 dB power penalty due to the simultaneous transmissions from the RS and the source nodes. Observe in Fig. 4a that the two-phase DF relaying protocol of Fig. 1d has the best PER performance among all the relaying schemes considered, because it employs a lower-order modulation scheme than the three-phase and four-phase relaying protocols at the same overall transmission rate. We also note that here the two-phase DF relaying protocol decodes the composite packet at the RS, rather than separately decoding the DL and UL packets. The BER curve of the three-phase DF regime of Fig.  3a is only 0.6 dB away from the two-phase DF relaying of Fig. 3d , both of which employ the network coding scheme. Figure 4a also demonstrates that the two-phase DNF and AF schemes of Fig. 3a and 3b are outperformed by the fourphase DF regime of Fig. 1a , which implies that the error propagation and noise amplification effects erode their advantage of higher slot efficiency. Figure 4b characterizes the PER performance of the various relaying protocols for γΔ = 6 dB. It is seen that the performance of the threephase DF relaying of Fig. 3a is slightly improved as a benefit of cooperative reception. Interestingly, the direct communication regime having γΔ = 6 dB shows approximately 1 dB SNR gain compared to the two-phase and four-phase AF protocols of Figs. 1a and 3b. The noise amplification and reduced low slot efficiency erode the benefits of the four-phase AF relaying of Fig. 1a , when the SNR difference between the relay link and the direct link is small. In the two-phase AF relaying regime of Fig. 3b , the SNR loss due to the simultaneous transmission of the UL and DL signals from the RS also degrades its end-to-end performance.
CONCLUSION
In this overview we have described the various wireless relaying protocols summarized in Table  1 . The traditional relaying protocol of Fig. 1a is capable of improving the achievable end-to-end channel quality, but it requires four communication phases (i.e., time slots), which is twice as many as in classic direct communication. The successive relaying scheme requires nearly the same number of time slots as direct communication, but it needs an additional relay. As another approach to save valuable communication resources, network coding may be adopted in the three-phase DF relaying of Figs. 1b and 3a. The two-phase AF and DNF relaying schemes of Fig. 3b and 3c require only two phases for a pair of UL and DL transmissions, although their performances are degraded by noise amplification and error propagation. The two-phase DF relaying of Fig. 3d is also based on network coding and it provides good PER performance as well as high slot efficiency. Nonetheless, it imposes more rigid system constraints than the other relaying protocols. To implement the abovementioned relaying protocols in future wireless systems, a number of key problems should be resolved.
The numerical results of Fig. 4 show that the three-phase and two-phase DF relaying schemes of Fig. 3a and 3d , which are both based on network coding, outperform the other relaying schemes. However, when adopting network coding, joint design of the DL and UL signals is Fig. 3a and 3d required, which imposes additional constraints on the overall system. More specifically, in the two-phase DF relaying scheme of Fig. 3d , the design of attractive power control and channel assignment strategies substantially affects the decoding performance. When network coding is employed in practical systems, the combined DL/UL scheduling algorithm, which can jointly control the modulation and coding scheme of the DL and UL, is also required in order to maximize the system's throughput. Furthermore, efficient mapping algorithms designed for highorder 16-QAM and 64-QAM should be developed in order to improve the practicability of the two-phase DF relaying protocol of Fig. 3d . To increase the attainable slot efficiency, the employment of MIMO appears promising, especially in the context of MIMO-aided transmit preprocessing. In the three-phase and two-phase relaying protocols, the UL and DL signals are simultaneously transmitted, and hence the transmit preprocessor should be designed to jointly optimize both the UL and DL transmissions. Furthermore, using a space-division multiple access (SDMA)-aided relaying scheme also constitutes a possible way of relaying signals. By exploiting spatial signal processing, the SDMAaided RS equipped with multiple antennas is capable of receiving or transmitting the DL and UL packets at the same time. Combining SDMAaided relaying with network coding constitutes a promising research topic, with the potential to further improve the achievable performance of spectrally efficient relaying protocols.
In practical RS-aided systems, the destination node should estimate both the relay channel as well as the direct channel. In AF relaying the channel information between the source and the relay is also required at the destination, which implies a high burden on the overall system, especially when the signal is relayed via more than two hops. To resolve this problem, it is worth studying the efficient estimation, quantization, and transmission of the CIR information in relaying systems. Furthermore, non-coherent relaying algorithms, which do not require channel information, have to be studied.
